The germination behaviors of spores of Alicyclobacillus acidoterrestris, which has been considered to be a causative microorganism of flat sour type spoilage in acidic beverages, were investigated. The spores of A. acidoterrestris showed efficient germination and outgrowth after heat activation (80 C, 20 min) in Potato dextrose medium (pH 4.0). Further, the spores treated with heat activation germinated in McIlvaine buffer (pH 4.0) in the presence of a germinative substance (Lalanine) and commercial fruit juices, although not in phosphate buffer (pH 7.0). Heat activation was necessary for germination. The spores of A. acidoterrestris, which easily survived the heat treatment in acidic conditions, lost their resistance to heat during germination. Our results suggest that the models obtained from spore germination of A. acidoterrestris might be beneficial to determine adequate thermal process in preventing the growth of potential spoilage bacteria in acidic beverages.
Recently a novel thermoacidophilic spore-forming bacterium, Alicyclobacillus acidoterrestris, was isolated from spoiled thermally treated acidic beverages. It is considered to be a causative microorganism of flat sour type spoilage. A. acidoterrestris has a pH range for growth of 2.5-6.0 and is able to grow in a temperature range of 20-65 C, with an optimum of 42 to 53 C. [1] [2] [3] Further, A. acidoterrestris contains !-cyclohexyl fatty acids in its cellular membrane composition. These ring structures are of special physiological importance for the cells at high growth temperatures and low pH.
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The spores of A. acidoterrestris are also much more resistant than the corresponding growing cells to heat. The heat resistance is not affected by varying the pH (3.0-7.0) of the heating medium or the type of acid. Hence, it has been considered that the spores of A. acidoterrestris are able to survive any heat treatment (instantly at 90-95 C) applied to pasteurize acidic beverages in the fruit juice industry, although most microorganisms containing many spore-forming bacteria, yeasts, and mold can not survive. 5, 6) These findings support the idea that the spores of A. acidoterrestris are able to germinate, grow in various acidic beverages, and then spoil them. But, the germination process of the spores of A. acidoterrestris remains unknown. The objective of this study was to investigate the characteristics of germination of this microorganism. 7) and then adjusted to pH 4.0 with 1 N HCl. An agar surface was inoculated with a young culture (PDA, pH 4.0, 48 h at 42 C) and the plates were incubated for 6-8 d at 42 C. The refractile appearance of spores was confirmed with a phase contrast microscope. Spores thus formed were collected by flooding the agar surface with sterile distilled water. Then the spore suspensions were treated with lysozyme (500 mg/ml) for 40 min and then 1% sodium lauryl sulfate for 20 min at 30 C in order to remove vegetative cells. The spores were washed 10 times by centrifugation with sterile distilled water. The spore suspensions were freeze-dried, stored at À20 C, and used within 3 months.
Spore germination was done as described below. Spore suspension (at a concentration of approximately 1 Â 10 8 cells/ml) in sterile distilled water was heat activated at 80 C for 20 min. 8) After being cooled on ice, spore suspensions were diluted 10-fold into 20 ml of each medium and germinated at 46 C. PDB (Potato Dextrose Broth, Becton, Dickinson and Company, Maryland) (pH 4.0), 1/10 M McIlvaine buffer (pH 4.0), 9) 1/15 M phosphate buffer (pH 7.0), and commercial apple juice or orange juice was used as the germination medium, respectively. In the first step, the O.D. at 660 nm of the spore suspension was measured at various times during germination and outgrowth for assay of spore germination. The percentage of germination was calculated as follows: (O.D. 660 after germination/O.D. 660 before germination) Â 100. Morphological changes were observed with a phasecontrast microscope. Figure 1A shows the changes in turbidity of the spore suspension in PDB medium (pH 4.0) that accompanied germination and subsequent outgrowth. The turbidity of the spore suspension decreased rapidly during the first 120 min and then began to increase after 8 h to start on the following growth, indicating efficient spore germination and outgrowth. Refractile spores darkened during germination, and then swelled and elongated. Without heat activation, the turbidity did not decrease even after 15 h, suggesting that the spores did not germinate during these periods. The addition of 0.1 M L-alanine (Ala), known as a germinative substance, did not affect the germination rate in PDB medium. Figure 1B shows an example of the germination behavior of spores in 1/10 M McIlvaine buffer (pH 4.0). The turbidity of spore suspension in the buffer partially decreased during the 13 h incubation. The addition of Ala to the buffer induced the same extent of initial turbidity decrease in spore suspension as that in PDB medium during the first 120 min. The following growth (outgrowth) did not occur for 13 h after germination. Morphologically, germinated spores darkened, but failed to elongate. Figure 1C shows an example of the germination behavior of spores in apple juice. The turbidity of spore suspension decreased rapidly in apple juice during the first 120 min. The addition of Ala to apple juice did not accelerate the germination rate. In orange juice, the changes in the turbidity of the spore suspension during germination were similar to those in apple juice. On the other hand, in the 1/15 M phosphate buffer (pH 7.0), the turbidity of spore suspension remained unchanged in the presence or absence of Ala, indicating that the spores did not germinate (unpublished data).
It is known that O.D. measurement provides a rapid assay for spore germination but is not a sensitive method. 10) Therefore, further to determine the degree of spore germination of A. acidoterrestris, the heat resistance of germinated spores was compared with that of dormant spores after various times of incubation by the use of a colony forming assay. The spores of A. acidoterrestris used in these experiments were resistant to heat under acidic conditions at 90 C for 40 min. On the other hand, >99% of the vegetative cells were killed by heat treatment at 80 C for 20 min (pH 4.0). The spores were germinated in the previously described medium after heat activation, collected after various times of incubation, and then subjected to heat treatment at 80 C for 20 min. This heat treatment was found not to kill ungerminated spores. After serially dilution, spores were spread on PDA plates at pH 4.0 and incubated for 48 h at 42 C prior to counting colonies. The survival (%) of germinated spores was calculated as follows: (colony counts of heat treated sample/colony counts of non-heat treated sample) Â 100. Figure 2A shows the changes in the heat resistance of spores in PDB medium (pH 4.0) during germination. The heat resistance of germinated spores was lost rapidly by approximately 10% of that of dormant spores during 120 min from the beginning of germination. These results suggest that 90% of the population of spores germinated synchronously and that the spores remained dormant were due to delayed germination. The spores untreated by heat activation retained their heat resistance. Figure 2B shows the changes in heat resistance of spores in McIlvaine buffer (pH 4.0) medium during germination. When spores were germinated in the buffer, heat resistance was lost slightly for 120 min after germination. The addition of Ala to the buffer increased the heat sensitivity, and its extent was similar to that found in PDB medium. In addition, when spores were germinated in apple juice in the presence or absence of Ala, heat resistance was lost rapidly during the initial stage of germination, as shown in Fig. 2C . But, in 1/15 M phosphate buffer (pH 7.0) the heat resistance of the spores showed no significant difference during an incubation of 120 min (unpublished data).
In general, the germination of dormant spores of Bacillus subtilis and B. cereus can be triggered by specific germinative substances: nutrients, non-nutrients, and physical factors. The spores initiate the process of germination in the presence of a germinative substance and then outgrow, and eventually resume vegetative growth. For rapid germination of spores, 5 or 50 mM of Ala as sole germinant is required. 10, 11) In our study, the addition of 0.1 M of Ala to the pH 4 buffer induced spore germination of A. acidoterrestris but did not affect the germination rate in nutrient rich media, PDB (pH 4.0) or fruit juices. On the other hand, differences were noted in optimal pH, temperature, and germinative substances dependence for spore germination by B. cereus.
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Further studies are needed to clarify the mechanism of spore germination of A. acidoterrestris.
It has been reported that the heat resistance of spores of B. licheniformis and B. cereus decreased markedly along with a reduction in the pH of the incubation medium, 6, 13) but the spores of A. acidoterrestris were heat resistant under acidic and neutral pH conditions. The heat resistance of A. acidoterrestris spores was physiologically lost during germination under acidic conditions. These findings might be useful to determine adequate thermal processes to prevent the growth of the causative microorganism of spoilage in fruit juices.
